Introduction
The intriguing possibility that motor neurone disease (MND)* may be caused by a virus is one that has been intermittently entertained for a number of years. Most of the speculation on this subject originated from the longstanding observation that both MND and poliomyelitis cause selective destruction of the anterior horn cells in the spinal cord'. Moreover, both diseases also involve motor neurones in the brain stem and cerebral cortex'', and many years following an attack of acute paralytic poliomyelitis a minority of individuals develop a syndrome of progressive muscular weakness and wasting which has some similarities to MND3.4. Although there is a paucity of hard evidence for a definite link between viruses and MND, several clinical and experimental observations provide interesting clues as to the possible infectious nature of the disease. These may be considered under three broad categories: (1) Epidemiological and clinical studies.
(2) Laboratory data obtained on patients with motor neurone disease. Epidemiological and clinical studies The annual incidence ofMND is approximately 1-1.5 per 100 000 with a prevalence in the region of 5 per 100 000 5. Much higher incidences of MND have been reported in three geographical regions, namely the Chamorros of Guam", the Japanese Kii Peninsula? and New Guinea", Clinical and pathological data obtained from extensive studies ofMND in these foci of high incidence do not, however, lend definite support to an infectious aetiology". MND has been reported as occurring more frequently following acute paralytic poliomyelitis than can be explained by chancelO,ll although the statistical basis for these suggestions has been subsequently called into question'", Nevertheless these observations have stimulated a number of detailed epidemiological studies of the possible association between the two conditions. For example, Martyn and colleagues'" reported that the past notification rates of poliomyelitis during the first half of this century showed a close geographical relationship to the current mortality ofMND in England and Wales, and ·In this article the term motor neurone disease is used to include amyotrophic lateral sclerosis, progressive muscular atrophy and progressive bulbar palsy. no other notifiable infectious disease correlated with MND. This was adduced as evidence for the hypothesis that MND is a rare and delayed consequence of a poliovirus infection which causes loss of motor neurones that is not usually severe enough to cause motor symptoms or paralysis at the time of the acute illness. It was suggested that in later life clinical symptoms and signs would develop as substantial loss of motor neurones occurs through age. The authors predicted that the frequency ofMND would increase over the next 10-20 years until those people born in the 1950s who were the first to be immunized against polio reached the age range typical of MND. A different interpretation of epidemiological data of the two diseases was presented in a recent study by Lilienfeld et al. 14 who reported a rising mortality from MND in the USA between 1962 to 1984 in all demographic groups over the age of 40. These increases were thought to represent a true rise in disease incidence rather than improved methods of case ascertainment. Moreover, these findings were thought to argue against the poliovirus hypothesis since if MND is a consequence of previous poliomyelitis then it should not be occurring more frequently in middle-aged individuals who had received polio vaccination 35 years ago.
The poliovirus hypothesis has been summarized by Johnson' as either promoting the concept of MND as a chronic form of poliovirus infection or that prior poliovirus infection predisposes motor neurones to aetiological factors operative in MND. In assessing the significance of the various epidemiological studies, however, it is crucial to consider the actual nature of the anterior horn cell syndrome which occurs many years following paralytic polio. It is quite possible, if not probable, that many cases of so-called MND following polio are not actually true cases of MND. This post-polio lower motor neurone syndrome is in many ways atypical of MND in that the course is generally slow, benign, often localized and not associated with the development of upper motor neurone signs", Moreover, it is not characterized by loss of major axons and entire neurones as occurs in MNDI5. The likely basis for this progression of poliomyelitis paralysis is that the loss of anterior horn cells caused by the previous polio infection causes symptoms only when there is a substantial attrition of these cells with age l , 3. Laboratory studies in patients with MND Evidence for virus involvement may be obtained from five main sources, namely seroepidemiological data, identification of viral particles in patients' tissues, Based on paper read to Section of Neurology, 1 February 1990 isolation of infectious virus, demonstration of viral antigens and detection of viral nucleic acids in MND diseases!". Serological data have not provided evidence for involvement of any virus in MND1,17. Antibody levels against poliovirus are not elevated in patients with either MND or the post-polio MND syndrome compared with controls 18.21, and there is no firm evidence for raised levels of antibodies against other viruses 17, 22 . It should be mentioned that a recent small study of non-polioenteroviruses in MND cases found that the latter showed high levels of antibody against Group B Coxsackie virus (CBV) compared with normal controls using a conventional CBV neutralizing antibody assay23. However, the authors pointed out that this result was unlikely to be significant since there was a high background level of CBV antibodies in the local community at the time and the more sensitive CBV IgM assay failed to show a significant difference in the two groups studied, Nevertheless, it should be appreciated that polioviruses are only three amongst 72 characterized enteroviruses many of which are also neurotropic but cause paralysis less commonly than does polio'".
Although the identification of virus-like particles has been reported in the muscle'" and brain 26 of two MND patients respectively, such observations have not been reproducible in others!". Interestingly, a Particle-associated reverse transcriptase was reported in the brains of two MND patients from Guam but not in patients with MND from the USA27, raising the possibility of retroviral involvement in the disease. However, similar findings were present in Guamanian individuals without MND and such observations have not been subsequently reported.
Attempts to isolate infectious virus from MND tissues have generally been unsuccessfuF2, 28 . There have been, however, isolated reports of virus isolation in individual MND cases. For example, adenovirus-", a flavivirus'" and Type 2 poliovirus''! were isolated from the CSF of individual MND cases. Detailed systematic studies designed to isolate virus have been undertaken utilizing various approaches and have been negative. Thus, Roos et al. 32 failed to isolate the virus from a patient with MND with antecedent Poliomyelitis, and Cremer et al. 33 were unable to detect virus from explanted MND tissue using cocultivation techniques. Likewise, Weiner et al. 34 attempted to demonstrate virus in MND tissue using homogenates of isolated spinal cord neurones using both cocultivation and fusion with continuous passaged cell lines, but these experiments were also negative, Further, previous attempts to demonstrate viral antigens in MND tissues have been successfuI 28.32 ,34. Attempts to identify viral nucleic acids in MND tissues have been generally negative. A number of stUdieshave used liquid molecular hybridization with radiolabelled nucleic acid probes to identify possible Poliovirus genetic information in MND tissues but have all provided negative results 35.37. The in situ molecular hybridization technique was also used by Viola et al. 38 but MND cases could not be distinguished from controls in blinded studies. However, a more recent study by Brahic et al. 39 with the main early site of viral replication being the motor neurone producing a syndrome similar to human poliomyelitis", The later disease, however, is characterized by chronic spinal cord demyelination. The significance of these findings is unclear, but as the authors pointed out the detection of viral nucleic acid in both control and MND tissues does not exclude a viral cause of the disease and a picornovirus virus such as poliovirus may persist in the human CNS. Indeed, clinical observations in humans are consistent with this view since it is well-established that both poliovirus and echovirus can cause a persistent CNS infection in immunodeficient children3,41.42. In assessing the significance of the molecular hybridization studies ofMND tissues it should be appreciated that failure to detect viral genome may be due to factors other than the true absence of virus. These include inadequate sensitivity ofthe hybridization technique, the possibility that virus may only have been present early on in the disease, and the absence of virusbearing cells such as neurones which may well have died prior to tissue fixatiorr", The question of limited sensitivity is now amenable to further investigation as a result of the recently developed polymerase chain reaction (PCR) technique in which single copies of unique nucleic acid sequence can be detected'", Such studies are now underway, including in our own Institution, but the results obtained need to be evaluated with caution because of the considerable problem of contamination with extraneous nucleic acids.
Experimental animal studies of motor neurone disease A number of workers have attempted to develop animal models of persistent poliovirus infection of CNS tissue in order to gain insights into the pathogenesis of MND. For example, a prolonged asymptomatic intracerebral infection in mice with Lansing type 2 poliovirus was established by Miller'", Although both viral RNA and infectious virus could be demonstrated in infected brain tissue, neutralizing antibodies failed to develop. A further characteristic of Lansing type 2 poliovirus infection in mice is that adult animals are more susceptible to disease than are neonatal or young animals, a finding similar to that seen in human poli0 45.46 . An attenuated human type 2 poliovirus strain has been used to produce a persistent CNS infection in cyclophosphamide-treated mice". Mice which were paralysed had pathological changes in the spinal cord with viral antigen expression in anterior horn cells, and neutralising antibodies appeared to be suppressed by the immunosuppressive treatment. High levels of viral replication in the spinal cord were only found in animals which were paralysed and occurred late in the infectiorr". The absence of neutralizing antibodies in these animals with persistent enterovirus infection should be noted since, as has been seen, repeated failure to detect antibodies to poliovirus in human MND cases has been adduced as evidence against a viral aetiology. Moreover, these models have demonstrated unequivocally that poliovirus has the capacity under certain conditions to establish a persistent infection in the CNS.
The Theiler's virus infection in mice mentioned above is certainly of great neurological and pathological interest, but does have the drawback as a model of MND that the late disease causes chronic demyelination which is not a typical feature of the human disease. An intriguing condition producing a spongiform polioencephalomyelopathy in mice caused by a murine neurotropic retrovirus was described by Gardner and colleagues'", The disease only affects middle-aged mice with a slowly progressive development of lower motor neurone features'. However, despite the suggestive clinical characteristics, this disease is not a good model for MND since the virus is located initially within spinal cord pericytes and endothelial cells and is only detected in neurones during the later stages of infection", Experiments in which CNS tissues from MND patients have been inoculated into experimental animals in order to transmit disease have yielded unconvincing or negative results. Zil'ber and colleagues" in the USSR reported the reproduction of MND signs in rhesus monkeys by intracerebral inoculation ofMND neural tissue homogenates from six patients who had died of the disease. Following a period of 6 months to 3 years, four of seven inoculated animals were said to have developed muscle weakness and wasting with pathological evidence of anterior horn cell loss. Johnson? and Johnson and Brooks 22 discussed these findings in some detail and point out that not only were the pathological findings unconfirmed but also these experiments have not proved to be reproducible in other laboratories highly experienced in such transmission studies. Thus, Gibbs and Gajdusek'" were unable to transmit MND to primates using the same Soviet monkey tissues or other tissues obtained from patients with MND including those from Guam. Further, extensive studies in the same laboratory have repeatedly failed to demonstrate transmission of MND to non-human primates even after 15 years of observation using a variety of CNS and visceral tissues obtained from a diverse range of patients with MND including those in whom there was an associated dementia li2 ,53.
Conclusion
Although there is epidemiological data to suggest an infectious aetiology of MND, hitherto extensive virological studies of patients' tissues have not provided any unequivocal evidence for a viral cause of the disease. However, a viral cause ofMND cannot be categorically excluded, and in this context it is prudent. to recall the often quoted statement that 'absence of evidence must not be construed as evidence of absence '16,22 . Technical problems exist when using any human neurological tissues for virological analysis and the current conclusions are based on techniques which have limited sensitivity. Also, the absence of inflammatory changes seen on neuropathological examination of MND cases do not necessarily exclude an infectious cause as evidenced by established 'slow virus' diseases such as kuru in which the marked spongiform changes without inflammatory features in affected brains' do not obviously indicate the role of an infectious agent. If a virus is involved in MND then it is likely that the new molecular biological technology will eventually reveal its presence.
